INTRODUCTION
At the present time, there is little visibility of the carbon emissions associated with the electricity supplied at a local level in the UK. Whilst figures can be derived for the national energy picture in timescales commensurate with market closure, it is not clear what the associated carbon intensity (grams of CO 2 per kWh) of the energy being delivered via distribution networks is and therefore what the carbon intensity of electricity being consumed by customers might be. Similarly, losses are characterised in terms of energy and not the emissions associated with the loss of that energy at the local level.
Distribution Network Operators (DNOs) do not currently consider grams of CO 2 per kWh of energy delivered through their infrastructure as a parameter that can be identified, quantified and addressed through some kind of mitigating action, partnership or investment. Similarly, customers may have little understanding of: where there electricity comes from at a local level; and how their acceptance of local renewable energy sources and their patterns of use affect the carbon content or carbon intensity they consume.
In this paper we explore the use carbon-tracing as a method for illustrating the local variations in the carbon intensity of electricity consumed by customers and the carbon intensity of flows and losses. The underlying method for carbon-tracing is based on an extension of the power-flow-tracing and loss-allocation techniques described in [1] [2] [3] . The carbon intensity of flows and losses are then calculated using the DEFRA emission factors [4] for types of generation plant and assigned to flows, losses and loads.
A number of approaches to visualisation of the different results provided by the carbon-tracing method have been explored. The paper presents a set of examples that illustrate the type of results carbon-tracing can yield. Finally, the possibility of using carbon-tracing as a tool for public engagement is discussed.
POWER FLOW TRACING
Power-flow-tracing emerged in the mid-1990s in response to the drive for deregulation and unbundling of electricity supply industries and resulting requirement for charging and loss allocation methodologies [1] [2] [3] . Power-flow-tracing techniques describe the power flows as directed graphs and then, based on that graph, apportion part of the flow to particular generators or loads. Within this paper, only active power flows are considered.
At the heart of the technique is the principle of proportional sharing (illustrated in Figure 1 ) where power flowing into a node is proportionally shared between the outgoing connections. The structure and direction of the active power flows can be used to build a directed graph, described by the incidence matrix . In , the end and the beginning of a line are denoted by -1 and 1 respectively. can be divided into a positive matrix and a negative matrix .
A proportion of nodal flows can be equated to load or generation: = =
[3] describes how and can be derived:
Inverting and gives a set of distribution factors in terms of load and generation: = =
[3] provides a rigorous mathematical proof of the invertibility of the distribution matrix. Furthermore, [3] describes how losses can be allocated on a proportional basis.
CARBON TRACING
Carbon-tracing involves assigning carbon content or carbon intensity to flows, loads and losses. The concept is illustrated in Figure 2 , extending the example in Figure 1 .
The allocation of power flow, loads and losses for each generator are multiplied by the emissions factor for that generator's type. The process for carbon-tracing can be seen in Error! Reference source not found.. Based on the result of a full AC load flow or from state estimation, the method involves generating a directed graph that describes active flows. The incidence matrix required by the power-flowtracing method above is generated from this directed graph.
Information derived by power-flow-tracing and the allocation of emissions is stored within the data structure of the directed graph and written to an xml file in the .gexf format [5] .
An open source tool [6] has been used to visualise the graph and colour its edges based on the data stored within the graph description language. The following section illustrates this approach. Figure 4 shows carbon-tracing applied to the simple four bus example used in [1] and [2] . Flows are apportioned to generators using the technique above. The coal-fired power station is given an associated carbon intensity of 0.32 kg/kWh. Generator 2 is assumed to be a wind farm with a given carbon intensity of 0 kg/kWh. The carbon intensity of the flows is calculated based on the proportion of the flow assigned to each generator. The resulting graph is coloured to indicate the carbonintensity of the flows. Figure 5 shows the carbon content against time (kg/h) for each branch. The edges of the graph are coloured based on the calculated carbon content rather than the intensity of the flow. Illustrating carbon content gives a different view. However, the carbon content attributed to a flow on a given line may be low, and thus appear "orange", simply because the line loading is low. Figure 6 shows a graph generated by a snapshot of data for a real 11 kV network in the UK. The grid import is assumed to have a carbon intensity of 0.49 kg/kWh, the average carbon intensity of the grid in-feed for the UK. This figure includes the carbon associated with losses and old power plants. Therefore, it is higher than any modern power source technology, such as the 0.32 kg/kWh for coal in Table 1 . The network has three additional embedded generators: one small wind farm and two landfill generators. The colouring of the edges of the directed graph illustrates the local variation in the carbon intensity of flows and energy supplied in the areas close to the generators. 
VISUALISING THE CARBON INTENSITY AND CARBON CONTENT OF FLOWS

A TOOL FOR PUBLIC ENGAGEMENT ON LOCAL ENERGY SUPPLY ISSUES
Carbon-tracing techniques are primarily conceived as tools for public engagement and as a means of communicating to customers where their electricity comes from and how their usage affects the carbon emissions associated with the electricity they use. In the UK, the retail energy market separates consumers from the source of the energy they actually consume. Consumers' primary interactions are with supply/retail companies rather than the DNO.
Ecotricity, an energy supply company in the UK, publishes the macro-picture for the average carbon intensity of supply, estimated from market data, on its website [13] .
In terms of visualising local carbon emissions, Arizona State University's Hestia project [14] aims to quantify CO 2 emissions on a local and temporal basis and display that information in a geographical manner. Emissions associated with generation are accounted for at source rather than at the point of use. However, the aims of Hestia, i.e. to provide a view to help planners, policymakers and consumers understand and engage with CO 2 emissions, are in the same spirit as this endeavour.
Carbon-tracing gives a simple accounting method for estimating the carbon-intensity of electricity at the local level based on assumptions of the emission factors of different types of generator and the validity of the proportional sharing principle as an accounting method.
It is intended to explore other innovative ways of displaying information on the carbon intensity of load, flows and losses in ways that helps engage the public in conceptualising where their electrical energy comes from and how their energy use relates to emissions.
CONCLUSIONS
The power flow tracing methodology described in [1] [2]
[3] can be extended to allocate carbon emission to loads and losses on distribution networks. As a method, it gives a view on the local level how the operation and use of the network, the connected renewable resources, and nature of load, affect emissions on a local level. It is intended to use the output of this accounting approach as an instrument for public engagement concerning local energy issues.
